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Amyloid diseases, including Alzheimer's, Parkinson's, and the prion conditions, are each associated with a particular protein in fibrillar form. These amyloid fibrils were long suspected to be the disease agents, but evidence suggests that smaller, often transient and polymorphic oligomers are the toxic entities. Here, we identify a segment of the amyloid-forming protein aB crystallin, which forms an oligomeric complex exhibiting properties of other amyloid oligomers: b-sheet-rich structure, cytotoxicity, and recognition by an oligomer-specific antibody. The x-ray-derived atomic structure of the oligomer reveals a cylindrical barrel, formed from six antiparallel protein strands, that we term a cylindrin. The cylindrin structure is compatible with a sequence segment from the b-amyloid protein of Alzheimer's disease. Cylindrins offer models for the hitherto elusive structures of amyloid oligomers.
S
tudies from many laboratories have suggested that the molecular agents in amyloidrelated conditions are not the associated protein fibrils that have long been taken as the defining feature of these disorders but instead are lower molecular weight entities, often termed small amyloid oligomers (1) (2) (3) (4) (5) (6) (7) . These oligomers are not generally stable aggregates; they appear as transient species during the conversion of their monomeric precursors to more massive, stable fibrils, and sometimes they appear as an ensemble of sizes and shapes. This polymorphic and time-dependent nature of small amyloid oligomers has made it difficult to pin down their assembly pathways, their stoichiometries, their atomic-level structures, their relationship to fibrils, and their pathological actions (1, (8) (9) (10) . What has emerged is a consensus, minimal definition of small amyloid oligomers: They are noncovalent assemblies of several identical chains of proteins also known to form amyloid fibrils; the oligomers exhibit greater cytotoxicity than either the monomer or fibrils formed from the same protein; in many cases, the oligomer is recognized by a "conformational" antibody (A11) that binds oligomers but not fibrils, regardless of the sequence of the constituent protein (5). This suggests that oligomers display common conformation features that differ from those of fibrils (11) .
In seeking to better define small amyloid oligomers, we chose to work with aB crystallin (ABC). This protein is a chaperone (12) (13) (14) that forms amyloid fibrils (15) , but the fibrils form more slowly than those of the b-amyloid peptide (Ab) or islet amyloid polypeptide (IAPP), so that the oligomeric state may be trapped before the onset of fibrillization. We have identified a segment of ABC that forms a relatively stable small oligomer, which satisfies the definition of a small amyloid oligomer given in the preceding paragraph.
We identified the oligomer-forming segment of ABC by inspection of its three-dimensional (3D) structure (16) and by applying the RosettaProfile algorithm to its sequence. This algorithm identifies sequence segments that form the stericzipper spines of amyloid fibrils (17, 18) . We noted that two segments of high amyloidogenic propensity, with sequences KVKVLG and GDVIEV (where D indicates Asp; E, Glu; G, Gly; I, Ile; K, Lys; and V, Val), share the same Gly residue 95 at the C terminus of the first segment and the N terminus of the second; moreover, the entire 11-residue segment KVKVLGDVIEV forms a hairpin loop in the 3D structure of ABC (Fig. 1A) , with Gly at its center. As predicted, the second six-residue segment GDVIEV, termed G6V (Table 1 defines the structures described in this report), forms fibrils and microcrystals ( fig. S1 ). The microcrystals enabled us to determine the atomic structure of G6V ( fig. S2 ), which proved to be a standard class 2 steric zipper (19) , essentially an amyloid-like protofilament.
The hairpin segment KVKVLGDVIEV (termed K11V) formed both amyloid fibrils and oligomers. Upon shaking at elevated temperature, K11V forms fibrils similar to those of the parent protein (ABC) from which the segment is derived (15) and similar to those of a tandem repeat of K11V V2L (K11V-TR, see below) ( Fig. 1B; fig. S1 , B and C; and table S1). The fibrils range from 20 to 100 nm in diameter as viewed by electron microscopy ( fig. S1 ). X-ray diffraction of dried fibrils displayed rings at 4.8 and 12 Å resolutions, consistent with the signature cross-b pattern of amyloid fibrils ( fig. S1C ). The amyloid fibrils of K11V-TR bind the specific amyloid dye congo red, producing apple-green bifringerance under polarized light ( fig. S1D) , and are immunoreactive with the fibril-specific, conformation-dependent antibody OC (Fig. 1E) (20) . Together these results prove that the segments G6V, K11V, and K11V-TR are all capable of converting to the amyloid state (21, 22) , as is their parent protein, ABC.
Under physiological conditions, the segments K11V, K11V-TR, and a sequence variant with Leu replacing Val at position 2 (K11V V2L ) all form stable small oligomers intermediate in size between monomer and fiber. For each sequence, we determined the number of molecules in the oligomers by size-exclusion high-performance liquid chromatography (SEC-HPLC) and native mass spectrometry experiments. Purified recombinant K11V V2L and K11V-TR, a tandem repeat of K11V
V2L
, eluted as oligomeric complexes by SEC (Fig. 1C) . For example, the K11V-TR complex was estimated to be~8 kD in mass, corresponding roughly to three tandem segment chains. As an additional check on the stoichiometry of the tandem repeat K11V-TR oligomer, we subjected peak fractions to native nanoelectrospray mass spectrometry. Mass spectra showed abundant ions of K11V-TR oligomers with masses corresponding to three peptide chains ( Fig. 1D  and fig. S3 ). Furthermore, we were able to isolate ions of the K11V-TR oligomer and perform collision-induced dissociation (CID) of this trimeric peptide complex into monomeric units of mass equal to that of the K11V-TR peptide ( fig.  S4 ). Similar experiments show that K11V and K11V V2L form hexameric oligomers (Table 1 and fig. S3 ). Thus, native mass spectrometry is consistent with SEC-HPLC in suggesting a stoichiometry of a K11V oligomer of six chains and a K11V-TR oligomer of three tandem chains. These results are consistent with crystallography and energetic considerations (see below).
These ABC K11V oligomers exhibit molecular properties in common with amyloid oligomers from other disease-related proteins. We probed blots of the recombinant segments with the polyclonal A11, amyloid-oligomer-specific conformational antibody (5) . Both single and tandem repeat segments are recognized by the A11 antibody ( Fig. 1E and fig. S1E ). By using a cell viability assay on mammalian cells, we observed oligomers to be toxic, displaying dose-response effects similar to those of Ab involved in Alzheimer's disease (2, 23, 24) ( Fig. 1F and fig. S5 ). To test whether membrane disruption is responsible for this toxicity, as suggested for human islet amyloid polypeptide (hIAPP) (25, 26) , we performed liposome dye release experiments. The hIAPP peptide diminished liposome integrity leading to dye release, but the K11V-TR did not exhibit this trend ( fig. S6 ). In contrast to oligomeric solutions, no toxicity was observed for the fibrils of G6V. Thus, ABC segments in oligomeric form are cytotoxic but suggest a more complicated mechanism of toxicity than membrane disruption. -TR (orange curve; 2.7 kD per chain), migrates as a dimeric or monomeric species. (D) Native nanoelectrospray mass spectrum of K11V-TR peak fractions from SEC-HPLC reveals trimeric tandem-repeat cylindrin oligomers, confirming that the oligomeric complexes coincide in mass with the crystallized cylindrins. Expansion of the most abundant ion series of a +5 charge state corresponding to a molecular mass of three K11V-TR chains, coinciding with the crystallographic trimeric oligomer with a mass accuracy of 3.93 parts per million (ppm), is shown, with mass/charge (m/z) labels. (E) Immunodot blot analysis of solutions of K11V V2L and K11V-TR oligomers and K11V-TR fibrils with prefibrillar oligomer-specific, polyclonal antibody A11 (5); and a mixture of fibril-specific monoclonal antibodies, OC (11) . Solutions of cylindrin-forming segments are recognized by A11 but not by the OC antibody. In contrast, K11V-TR fibrils are recognized only by the OC antibody. Positive controls are shown to the right (5). (F) Cylindrin K11V-TR is toxic to four mammalian cell lines. Cell viability levels return to nearly 100% when we tested the control variant K11V V4W -TR. All samples were at a final concentration of 100 mM. Results represent mean T SEM. Student's t test (N = 4): **P < 0.01; ***P < 0.001. We next determined the crystal structures of various ABC K11Voligomers. A screen produced x-ray-grade crystals of K11V, but structure determination by molecular replacement with fiberlike probes failed, suggesting that the ABC segment oligomers possess a previously unobserved type of amyloid structure. Turning to the single-wavelength anomalous dispersion method for phase determination, we synthesized K11V derivatives with Br substitutions at position 2 or 8 of the K11V sequence, K11V-Br2 and K11V-Br8, with the leucine-resembling nonnatural amino acid (2-bromoallyl)-glycine. Both derivatives crystallized and led to structure determinations (table S2) at 1.4 Å resolution. Molecular replacement based on these structures led to the closely related structures of K11V itself as well as K11V-TR and K11V
. The structure of K11V, the amyloid-related oligomer, is a six-stranded antiparallel barrel of cylindrical shape, consistent in mass with our solution studies, that we term a cylindrin. The cylindrin (Fig. 2) is distinctly different in structure from either the native structure of ABC (Fig.  1A) or from its G6V segment ( fig. S2 ), a dual b-sheet steric zipper. It is also distinct from other structures currently in the Protein Data Bank (PDB) (SOM text) but resembles several previously proposed b-barrel models (27) (28) (29) (30) (31) . Each strand of the cylindrin is bonded to one neighboring strand by a strong interface and to a second by a weak interface. The strong interface (between purple and green chains, Fig. 2 , B and C) is formed by 12 hydrogen bonds and splays outward at the ends. The weak interface is formed by eight hydrogen bonds: four from the main chain, two mediated through side-chain interactions, and two through a water bridge (Fig. 2C) . The axial channel of the cylindrin is closed by the hydrophobic interactions of two inward-pointing sets of three valine side chains and is devoid of water (Fig.  2C) . The surface area buried (A b ) per residue in the strand-packing interface of the cylindrin is 87 Å 2 , smaller than the 131 Å 2 value for the strand-to-strand interface of the steric zipper of GNNQQNY (N, Asn; Q, Gln; and Y, Tyr) (32) . Similarly the cylindrin-packing interface has a shape complementarity (Sc) value of 0.75, somewhat smaller than the value of 0.80 for the GNNQQNYinterface (table S3) . Thus, the cylindrin structure has features in common with a steric zipper in being formed from hydrogen-bonded b strands and having a dry interior, but it is cylindrical rather than nearly flat and is probably less stable, as suggested by the lower A b and Sc values.
To provide adequate cylindrin material for biochemical and toxicological studies, we generated a synthetic gene to express in bacteria a tandem repeat, K11V-TR, of the well-diffracting K11V V2L segment, covalently linked through a double glycine linker and containing an additional N-terminal glycine ( fig. S7 and table S1 ). This K11V-TR peptide reduces the complexity of the cylindrin assembly process from six to three chains (Fig. 2, D and E) . We were able to determine the K11V-TR crystal structure, even though the glycine linkers produce some disorder in the crystals (table S2) . Other than the glycine linkers and the Val-to-Leu replacement, the cylindrical bodies of the six-stranded K11V and the three doublestranded K11V-TR oligomers are essentially identical. Energetic considerations suggest that the cylindrin should be stable in solution: The surface area buried per interchain interface of K11V-TR is 841 Å 2 , nearly as much as for the foldon trimerization domain, 1092 Å 2 (PDB 1RFO), and cylindrin forms twice as many hydrogen bonds Twelve backbone hydrogen bonds stabilize the strong interface between tightly twisted antiparallel strands (e.g., between green and purple chains). The weaker interface between the pairs of tightly twisted strands is formed by four main-chain hydrogen bonds, with an additional two hydrogen bonds coming from a water bridge and two hydrogen bonds from side-chain interactions (e.g., between purple and blue chains). The dry interior of the cylinder is closed by triplets of Val residues, shown as spheres, at the top and bottom. (D) Crystal structure of K11V-TR formed by three chains of 25 residues each. (E) Schematic of unrolled K11V-TR cylindrin (outside view). Similar hydrogen-bonding patterns are formed as in (A). (F) The computed Gibbs free energy at 300 K for a cylindrin forced to a fibril. The reaction coordinate measures the difference in root mean square deviation (DRMSD) from the two end points: the cylindrin and the in-register antiparallel b sheet (IAB). The cylindrin set the free energy minimum (point 1). The transition was initiated by disrupting the weak interface (points 2 and 3). As the cylindrin unrolls, the weak interface requires complete dissociation of backbone hydrogen bonds (points 4 and 5), whereas the strong interfaces maintains hydrogen bonding (point 6). The IAB has a higher free energy than the cylindrin (point 7), and when two IABs associate and interdigitate to form a steric zipper (point 8) the free energy drops to 5.2 kcal/mol per peptide lower than the cylindrin ( For a negative control of cylindrin structure and properties, we generated a variant form of the tandem segment, K11V V4W -TR in which the V4W substitution occurs in both repeats (table  S1) . This substitution was predicted on the basis of the K11V crystal structure to disrupt oligomer formation through steric clash of core, buried residues. This variant peptide eluted in the mass range of a dimeric or monomeric species by SEC-HPLC and displayed reduced cell toxicity (Fig. 1F and fig. S5 ).
To compare cylindrins to fibers, we define a cylindrin as a toxic, amyloid-related, oligomeric, cylindrically shaped b barrel formed from antiparallel, extended protein strands and having the cylinder filled with packed side chains. A cylindrin resembles a steric zipper in having a packed interior but differs from a steric zipper in an important respect, which may illuminate the reaction pathway from oligomers to fibrils. When unrolled into a b sheet, each antiparallel pair of strands in the cylindrin sheet ( Fig. 2A) is out of register with neighboring pairs by six residues (shear number is six) ( fig. S8) (33) . In contrast, the b strands in full amyloid fibers (22, 34, 35 ) and short steric zippers (19) are in register. This means that a cylindrin unrolled into a sheet would not be an inregister structure, ready to bond with an identical sheet to form the steric zipper spine of an amyloid fiber. The transition from cylindrin to steric zipper involves breaking of hydrogen bonds and re-registration of the strands into an in-register structure, as we have simulated by targeted molecular dynamics, followed by free energy perturbation in explicit solvent ( Fig. 2F and SOM text). We chose the end target as an antiparallel sheet, on the basis of Fourier transform infrared (FTIR) experiments (SOM text). These calculations suggest that the transition from cylindrin to an antiparallel fiberlike structure involves crossing a high free energy, implying that fibers may nucleate from monomers without passing through cylindrin-like oligomeric states (36) (37) (38) ; that is, cylindrin is likely to be off pathway to fiber formation.
An important question is whether the ABC cylindrin is a possible model for amyloid oligomers formed by well-studied toxic proteins, such as Ab and hIAPP. There is evidence that amyloid oligomers share common structural features. For example, studies have suggested oligomers are b-sheet rich (38) (39) (40) , and several toxic oligomers are recognized by the A11 conformational antibody (41) , which also recognizes the cylindrin. A11 also recognizes a-hemolysin, a soluble b-barrel protein (42) . Thus, the cylindrin structure may represent the common structural core of amyloid oligomers (SOM text). To investigate this possibility, we used the Rosetta-Profile method (18) to ask whether other toxic sequences, or segments of them, are compatible with the cylindrin structure. We found that the C-terminal segment of Ab is reasonably compatible with the cylindrin structure and, with a two-residue registration shift between pairs of antiparallel strands, a very good fit with the cylindrin structure is obtained (fig. S11 ). This finding in itself does not imply that this is the structure of the Ab toxic species, but it is in agreement with the observation of hexamers of Ab oligomers by native mass spectrometry analysis (43) .
The ABC cylindrin may represent one of many possible assemblies of cylindrin-like structures. The number of strands or shear number may vary. For example, Ab oligomers have been described ranging in size from dimers and tetramers to hexamers and dodecamers (43) (44) (45) . Those with larger numbers of strands could have open central channels as modeled by others (46, 47) , whereas cylindrins having smaller numbers of strands would have dry interfaces similar to crystallographically (48, 49) and computationally (44) derived models. Parallel assemblies could also form cylindrin-like structures, such as those previously modeled (27, 46) . In fact, strong evidence for the extreme polymorphism of amyloid oligomers suggests that cylindrin-like assemblies could exist in a variety of structures with a variety of properties, including varying stabilities and toxicities (39, 44 
